Differential cross sections in electron -hydrogen scattering at energies lying between the n = 3 and n = 4 thresholds Konovalov and McCarthy (1994) and Fon et al (1995b) reported calculations on the integral cross sections for the excitation of n = 2 and n = 3 states from the ground state of hydrogen at electron energies lying between the n = 3 and n = 4 thresholds. They found that the cross section profiles show complicated and irregular structures associated with overlapping resonances from different symmetries. No experimental analysis was reported on these resonances. Unlike the resonances that occur at energies below the n = 3 threshold as described by Fon et al (1994) , in the present case the density of resonances is higher, their widths are narrower and many of these resonances belong to higher angular momentum symmetries like 2s+1 F π , 2s+1 G π and 2s+1 H π . The opening up of the n = 3 channels in this energy range offers us a unique opportunity to study the role of these resonances in different decay channels other than those belonging to n = 2 manifolds and their dependence on scattering angles. This can only be accomplished if angular distribution analysis is carried out on the scattering flux. Since a resonance is mainly associated with one particular partial wave, it may be suppressed at scattering angles that correspond to the zeros of the Legendre polynomials (see table 1 ). By carrying out angular distribution analysis, closely packed resonances of different symmetries can be discerned and proper resonance analysis can be performed (see Fon et al 1994) . ¶ E-mail address: j2wcfon@cc.um.edu.my 
Introduction
In this paper, two independent calculations have been carried out to obtain the DCS for the excitation of n = 2 and 3 states from the ground state of hydrogen. The first is the 15-state R-matrix calculation (Aggarwal et al 1991 , Fon et al 1994 in which the first 15 lowest atomic states (n = 1, 2, 3, 4 and 5) were used in the calculation. As we did not include the ionization continuum, the 15-state R-matrix calculation is not expected to give accurate quantitative results. However, we have enough evidence to show that the 15-state R-matrix calculation will give qualitatively correct resonance profiles for the differential cross section (DCS) (see Fon et al 1994 , 1995a , Odgers et al 1995 , Wang et al 1996 , Williams 1988 at energies up to the n = 5 threshold (13.06 eV). We are guided by the empirical convergence rule (Burke et al 1966 (Burke et al , 1967 which states that close-coupling calculations for e − -atom scattering at electron energies below the ionization threshold in which physical states with increasing principal quantum number n are used, yield correct qualitative excitation cross sections in the energy up to the highest threshold explicitly included. In this paper, we are mainly concerned with resonant phenomena and the R-matrix method is considered as an effective tool for resonance analysis.
The second is the 28-state algebraic variational calculation of Wang and Callaway (1994) in which 18 pseudo-states are chosen to represent the ionization continuum. While the first method (the 15-state R-matrix calculation) is used to examine the structures, the second is employed to estimate the magnitude and also provide a counter-check on the shape of the excitation profile described by the first. The work described here is part of a continuing effort to study resonances in electron scattering from atomic hydrogen in the various decay channels and follows from the work of Fon et al (1995b) .
The calculations

The R-matrix method
The R-matrix method for electron-atom collisions has been discussed in detail by Burke et al (1971) . The collision calculations are carried out in LS coupling using the R-matrix package of Berrington et al (1978) . The 15-state R-matrix calculation has been fully described by Pathak et al (1988) and Aggarwal et al (1991) . To recapitulate, the wavefunctions describing the two-electron scattering system can be expanded as
where l are the channel functions formed from the target states of the hydrogen atom, u j are the radial basis functions describing the motion of the scattered electron (the continuum orbitals), and φ j are the two-electron functions (the bound-bound orbitals) which allow for short-range correlation effects and completeness. These two-electron bound terms are also designed to represent the target states of the singly ionized atom, coupled to two bound electrons simulating the possible formation of two-electron resonances. In keeping with our earlier R-matrix calculations, only the 15 lowest atomic states (n = 1, 2, 3, 4 and 5) were used in the present calculation and the ionization channels were neglected. The R-matrix boundary radius was taken to be 83 au and 48 continuum orbitals were used for each channel angular momentum. At all energies, the calculations were limited to partial waves with angular momentum L 9. Table 2 shows that angular convergence has been obtained at these energies.
The algebraic variational method
The present calculation is a straightforward extension of those reported by Callaway (1982) . They are of the close-coupling type, employing a fairly large basis containing both exact atomic states and pseudo-states. The coupled integro-differential equations are solved by the variational methods discussed by Callaway (1978) . The atomic basis contains 28 states including the exact 1s, 2s, 3s, 4s, 2p, 3p, 4p, 3d, 4d, 4f atomic states plus 18 pseudo-states (11s-9p-5d-2f-1g). The parameters of this (11-9-5-2-1) basis set are given by Callaway (1988) . The 18 pseudo-states are chosen to represent the ionization continuum. The present calculation follows from the works of Callaway (1988 Callaway ( , 1990 and Wang and Callaway (1994) . The number of partial waves ranges from 0 to 3 while the T -matrix elements for L 4 were obtained from the 15-state R-matrix calculations.
It is important to note that there are no pseudo-resonances present in this energy range for either of these methods and that exact atomic states for n = 1, 2, 3 and 4 are included in these methods. This guarantees correct resonance profiles for the excitation functions below the n = 4 threshold.
Result and discussion
The 15-state R-matrix calculation of Fon et al (1994) and the 28-state algebraic variational calculation of Wang and Callaway (1994) have been used to obtain the DCS for the transitions e − + H(1s) → e − + H(n = 2 and 3)
at 275 and 15 energies, respectively, ranging from the n = 3 threshold up to the n = 5 threshold. The results are given in graphical form as functions of electron energy at fixed angle. However, a numerical table of the results by energies can be obtained on request from one of the authors (WCF).
Differential cross section as function of angle at fixed energy
First, we assess the quality of the present calculations. Figure 1 compares the R-matrix calculation on n = 2 and 3 DCS with the algebraic variational results at energies 0.81 Ryd and 0.91 Ryd, respectively. The two cases are chosen because they are relatively isolated from the resonant regions. There are three notable features: (i) the 1s-2s and 1s-2p DCS at 0.81 Ryd are similar to those of 1s-3s and 1s-3p excitation at 0.91 Ryd, respectively. This indicates that the n-independence in shape which holds for 1 1 S-n 3,1 S and 1 1 S-n 3,1 P differential cross sections for helium (Fon et al 1995c) may also hold for 1s-ns and 1s-np differential cross sections for hydrogen; (ii) the consistent and generally good agreement between the two independent calculations may suggest that there are no major bugs existing in either program; (iii) however, discrepancy does exist between the two calculations in the form of an accentuation of the depths at the minima. Notice that the algebraic variational curve shifts away from the R-matrix calculation towards larger scattering angles. Figure 2 shows the resonance profile of the 15-state R-matrix calculation on 1s-2s DCS • (see figure 2(d ) ). All these are consistent with the predictions indicated in table 1. Figure 3 gives similar analysis on the resonances given in table 3 for the 1s-3s excitation cross sections at angles: 55
1s-2s and 1s-3s differential cross section as function of energy at fixed angle
• , 70
• , 90
• and 125
• . The 1s-3s cross section profiles reconfirmed the correctness of the prediction by table 1. Comparison between the R-matrix and algebraic variational calculations shows substantial differences in magnitude at scattering angles 55
• . This is the reflection of the accentuated dips at these angles shown by the algebraic variational calculation (see figure 1) . The general profiles of the DCS by the 15-state R-matrix calculation are confirmed by the results of the algebraic variational method. However, the detailed structure of the former cannot be reproduced by the latter as it was carried out at only eleven energy points here.
The decay of resonances
A compound resonant state formed in the e-H collision has a certain lifetime before it decays. Information on the decay channels can be extracted from the excitation profiles. Figure 4 compares the profiles for the 1s-2s and 1s-3s DCS at scattering angles 55
• and 115
• . It is interesting to note that at all angles considered, there is a reflective symmetry between the profiles of the 1s-2s and 1s-3s DCS at energies lying below the n = 4 threshold with the axis of symmetry running parallel to the energy axis. The symmetry is broken as soon as the energy moves above the n = 4 threshold. One plausible interpretation of this strange phenomenon is that when the n = 4 group of resonances decay into s-states, they almost completely sidestep the elastic channel which is too far below the positions of these resonances. They decay, instead, either to 2s or 3s states, which are closer to their . 15-state R-matrix calculation of differential cross section (a 2 0 sr −1 ) for the 1s-2s and 1s-3s transitions is shown as a function of the incident electron energy at a fixed angle. The lower curves are the DCS for the 1s-3s excitation and the upper curves are those for the 1s-2s which are represented as vertical offsets and the vertical increments are given in brackets.
positions. The symmetrical characteristic suggests that the probability of their decay into 2s or 3s states is uniformly shared. In the energy range between the n = 4 and n = 5 thresholds, and the opening up of the n = 4 states, the n = 5 group of resonances decaying into s-states can also go into the 4s state. The exclusive uniform sharing between 2s and 3s channels no longer exists.
Other 1s-n = 3 excitation differential cross sections as functions of energy at fixed angle
Figures 5 and 6 show the resonant profile of the 15-state R-matrix calculation on 1s-3d and 1s-3p DCS as a function of energy at scattering angles 70
• . The 28-state algebraic variational results are inserted to indicate the absolute magnitude for these DCS with the inclusion of the ionization continuum. Interference among the magnetic substates and close proximity of the narrow resonances make it difficult to conduct a meaningful resonance analysis from the profiles of the excitation cross sections. However, the difference between the two calculations gives us the measure of the contribution from the ionization continuum to the cross sections. Figures 5 and 6 show that while the two calculations are in excellent qualitative agreement, the discrepancy in magnitude is observed to change from +20% at 70
• to −15% at 115
• . This is due to the shift of the algebraic variational curve towards larger scattering angles as explained in section 3.1. This resembles the discrepancy between the 29-state R-matrix calculation of Fon et al (1993) and the experiments of Allan (1992) . Figure 7 shows the combined DCS for the 1s − 3s + 3p + 3d excitation as a function of energy at scattering angles 0
• and 90
• . These should be useful to compare directly with the unresolved experimental data for 1s-n = 3 excitation.
Conclusion
Two independent calculations have been carried out to investigate the resonant structures arising from the excitation of n = 2 and 3 states from the ground state of hydrogen at electron energies lying between the n = 3 and n = 4 thresholds. The first is the 15-state R-matrix calculation of Fon et al (1994) which includes only the discrete target states. The second is the 28-state algebraic variational calculation of Wang and Callaway (1994) which takes into consideration the ionization continuum effects through the inclusion of pseudo-states. The results of the investigation lead us to the following conclusions.
(i) The 15-state R-matrix calculation on the DCS for the excitation of n = 2 and 3 states is consistent with Burke's empirical convergence rule over the energy range between the n = 3 and n = 4 thresholds.
(ii) The n = 4 group of resonances, if decaying into an s-state, do so exclusively and uniformly into 2s and 3s states.
(iii) The ionization continuum effects (though reported to be small by Fon et al (1995b) ) give rise to an appreciable shift of the DCS curves to larger scattering angles.
Further experimental and theoretical efforts are needed to confirm these. 
